Animals undergo substantial changes in many physiologic and biochemical functions as a natural consequence of aging. In the absence of disease or other pathologic conditions, these changes occur in a gradual manner with time (generally expressed as a fractional or percentage change in that function per year or decade). Furthermore, for any given function and at any given chronologic age, there is large variation in that function among individuals. Given the increase in life expectancy, the substantial increase in the number of elderly (and aged elderly) in the population, and the escalating costs of health care, there is great interest in learning more about the risks associated with aging as a result of toxic exposure. Are the elderly at greater risk than younger adults to the toxic effects of drugs and environmental exposure? Is the elderly population an inherently more sensitive one?
Introduction
This brief review will examine the changes with age in the processes of disposition that drugs and toxic agents undergo in the body: absorption, distribution, excretion, and metabolism. Gastrointestinal absorption appears to be unimpaired with age in terms of the completeness of absorption (rate is often reduced), with the possible exception of those compounds having a high hepatic extraction ratio (i.e., high hepatic clearance). Absorption by other routes, including pulmonary and dermal, has not been well studied. Distribution may be altered, depending upon the chemical characteristics of the compound, as a result of reduced plasma protein binding (in response to a decrease in plasma albumin concentrations) and anatomical changes (especially an increase in the percentage body weight that is fat and a decrease in the lean mass). Renal function declines with age, which affects the clearance and elimination half-life of renally excreted compounds (and their metabolites). Hepatic clearance either decreases or remains unchanged but it is difficult to make any general rules because metabolism is affected by numerous factors. It appears that phase I processes are more affected by age than phase II reactions.
In recent years, there has been considerable interest in understanding how aging in humans may influence the disposition of and the response to drugs and toxic agents. In addition to having recognized that age is a variable that may alter drug response and disposition in laboratory animals and, therefore, an analogous situation probably would exist among humans, the current interest in aging is driven by several factors. These considerations make the elderly a unique group within the population. Considerations involving the elderly, in comparison to younger adults, include the increasing percentage of elderly people as well as the aged elderly (those over 75 years) in the population (the "babyboomers" have now reached middle age); a greater incidence of disease and physiological impairments; occupation of a greater percentage of hospital beds and long-term care facilities; greater drug ingestion per capita; and greater incidence of adverse drug effects and drug-drug interactions.
While there has been a substantial increase in the quality and quantity of the gerontology literature during the past decade, unanswered questions and numerous conflicting reports remain. The early literature particularly suffers from inadequate controls, poor experimental design, and insufficient methods of data analysis. Nowhere is this more apparent than in the pharmacokinetics literature in gerontology. These issues as well as a review of drug disposition in the elderly have been discussed elsewhere (1) . It would be useful to keep in mind several of these concerns. For example, chronological age per se, while it is the only definition of age currently available, is a poor and variable predictor of biological activity (or function). Furthermore, what age defines elderly? Very often 65 years is used for such a demarcation, but this would appear to be artificial and without justification. Most studies are designed to be cross-sectional rather than longitudinal; while the former provides results allowing conclusions about differences between ages, the latter gives more useful information about changes with age. Figure 1 , which is a plot of the percentage function remaining versus adult age, indicates a particularly important concept, body functions decline gradually at a relatively constant rate over time. This continuum tends to illustrate the uselessness of an arbitrary age to delimit young from elderly (1,2). The following discussion will attempt to summarize our current understanding of how aging influences the processes of drug disposition. resulted in incorrect conclusions about agere contained related alterations in drug disposition.
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The gastrointestinal tract is well perfused by blood flow, which is consistent with absorption being one of its major functions. Normally, except for compounds with extremely high permeability coefficients, blood flow does not appear to rate-limit absorption. There is a reduction in splanchnic blood flow with aging (11) that might, under certain exacerbating circumstances (e.g., congestive heart failure), become the rate-limiting step in absorption. The reduced blood flow may decrease absorption rate in general.
The mucosal surface area appears to be reduced by about 20%, as determined in a group of elderly (60-73 years) compared to younger adults (16-30 years) (12) . This decrease in surface area, unless there is a compensating increase in membrane permeability, would imply a reduction in absorption rate. Indeed, alterations of several of the factors noted above in the elderly (i.e., gastric emptying, intestinal transit, blood flow, surface area) would suggest a decrease in absorption rate. A review of the relevant literature supports that suggestion (1) . As a general conclusion, the completeness of gastrointestinal absorption is unaltered with aging, but there is often a reduction in the rate of absorption.
The only exception to the general rule of unaltered completeness of absorption in the elderly is a group of compounds whose systemic absorption may increase with aging. Compounds with a high hepatic clearance (or high extraction ratio) undergo extensive hepatic first-pass metabolism and, if hepatic clearance declines with age, the absorption of the parent compound will be greater in the elderly adults compared to younger adults. There are now several drug examples to support this suggestion (e.g., L-DOPA, chlormethiazole, propranolol, lidocaine, nalbuphine) (13) .
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Unfortunately, little can be said about the influence of aging on the extent or rate of absorption across other membranes associated with different routes of administration (e.g., intramuscular, subcutaneous, rectal, pulmonary, dermal). One recent study indicates lower dermal penetration of hydrophilic compounds in the aged human skin but no age relationship for two lipidsoluble compounds (14) . In terms of drug dosing and environmental exposure, these are relevant routes that require further study to determine the relationship between aging and absorption.
Distribution
One needs to consider a variety of factors whose alteration with aging may have an impact upon the rate and extent to which a molecule distributes throughout the body. The major considerations include plasma protein concentration, body composition, blood flow, tissue-protein concentration, and fluid pH. Alterations in any of these factors will often express themselves in the value of the apparent volume of distribution of the compound or the apparent space that it occupies relative to blood concentration.
Alterations in plasma protein binding are particularly important because, depending upon the characteristics of the compound, such changes may modify the values of clearance and apparent volume of distribution and elimination half-life (1) . Furthermore, such changes may alter the resulting steady-state unbound and bound blood concentrations that, in turn, affect the magnitude of response (1) . Albumin, which is the major drug-binding protein in serum, decreases in concentration with age, and this decrease becomes more apparent during illness (15) (16) (17) . An (22) .
A second major factor contributing to an age-dependent alteration in distribution is the change in body composition whose affect on distribution will in turn be a function of the physicochemical characteristic of the drug. This change in terms of lean body mass and fat for both females and males is shown in Figure 3 . When expressed as a percentage of body weight, lean mass decreases while fat mass increases with age for both genders. This change results in an age-dependent decrease in the apparent volume of distribution for a water-soluble compound such as ethanol (23) and an increase in volume for a lipidsoluble drug such as thiopental (24) . The latter relationship is illustrated in Figure 4 . lipid-soluble compounds would be expected to evidence an increase in volume. In reviewing the relationship between apparent volume and age for any given compound, only poor correlation coefficients were noted (1). Cardiac output and cardiac index are known to decline substantially with age, and there is large variability among subjects in the degree of that change (25) . In contrast to this conclusion, a more recent study indicates that there is no relationship between cardiac output and age when subjects with no evidence of coronary artery disease are selected for study; however, large variation among subjects at any given age remains (26) . Therefore, age per se may not be associated with a decline in cardiac output. Any changes in blood flow that occur are not uniform throughout the body; cerebral flow declines at a slower rate with age in comparison with flow to the liver and kidney. This decrease in flow needs to be considered in relation to the organ or tissue weight, which may also decline with age. As a result, the effective flow per tissue weight may not decrease to an extent suggested by the absolute value of flow.
Reduced blood flow to eliminating organs may be important for those compounds that have a high clearance or extraction ratio (compounds that are nonrestrictively cleared) because the elimination of such compounds depends upon blood flow. Furthermore, assuming there is no change in distribution, the reduced clearance of such compounds will produce an increase in half-life as a result of decreased blood flow. Altered blood flow to sites of action may result in an increase in the onset time for a response to be initiated.
Renal Excretion
Renal excretion of drugs (and metabolites) into the urine represents one of the major routes of elimination, in addition to hepatic metabolism. The influence of aging on renal function has been thoroughly studied. While there is considerable variation at any given age, all aspects of renal function appear to decline with age. In contrast to hepatic metabolism, one can accurately assess various aspects of kidney function such as glomerular filtration rate with measurements such as creatinine or inulin clearance. Processes of active secretion and reabsorption may also be accurately estimated. Quantitative relationships between drug elimination (usually measured as clearance or elimination rate constant) and creatinine clearance have been developed for many drugs, and they serve an important clinical function in being able to adjust a dosing regimen for renal impairment.
Creatinine clearance is the most frequently used index of glomerular filtration rate, primarily because creatinine is an endogenous material that makes it unnecessary to administer an exogenous compound. The measurement involves determination of urinary creatinine excretion (often during 24 hr) and a serum creatinine concentration. Interestingly, while creatinine excretion decreases with age, there is little change in serum creatinine concentration. The steady-state serum creatinine concentration (SCR) may be written as a function of formation and elimination, SCR = production rate/CLCR' where production rate represents formation and creatinine clearance (CLCR) represents elimination. For SCR to remain constant while CLCR decreases with age, the production rate must be decreasing parallel to clearance. The latter is consistent with the biochemistry of creatinine, which is an end product of muscle metabolism. Because there is a reduction in muscle mass with aging, it is reasonable to expect that the production of creatinine will also decline. One important aspect of this relationship is that one cannot evaluate renal function across ages by measurement of serum creatinine concentration only, in the absence of any kidney disease. However, since SCR is often a measured blood biochemistry value, it would be useful to be able to relate that value to creatinine clearance. One such relationship that incorporates several variables (body build or weight, age, gender) is given by (27) CLCR ( The above relationship needs to be multiplied by 0.86 for females (as a result of a smaller muscle mass).
As the kidney ages, it undergoes anatomic and physiologic changes, including a decrease in mass and a reduction in the number and size of the nephrons (28) . These changes are reflected in virtually all aspects of renal function, as shown in Figure 5 (29, 30) . It is particularly interesting to note that these various measures with age almost superimpose when they are expressed as a percentage of the youngest age group. This observation has been expressed as the intact nephron concept, which states that all aspects of kidney function decline uniformly. Therefore, as a general rule, renal clearance of compounds excreted by the kidney will decline with age and the elimination half-life will increase with age.
Hepatic Metabolism
Hepatic metabolism and its relationship with aging is the most difficult of all of the Environmental Health Perspectives dispositional processes to discuss and reach general conclusions. There are at least two major reasons for this difficulty. First, unlike renal function, there is no measurement that is quantitatively related to and would allow us to assess hepatic metabolic function. Second, again unlike renal function, there are a host of factors that contribute to the enormous variability in hepatic function among subjects (i.e., factors that affect intrinsic enzymatic activity). The latter is true even within a normal, healthy, well-defined population of subjects of similar ages. Consider variability expected as a result of the following factors: blood flow, concurrent drug use (induding alcohol, drugs of abuse, and caffeine), disease or physiologic disorders, environmental exposure (including smoking), gender, genetic differences, liver mass, nutritional intake, and physical condition. As a result, it is not surprising that it is extremely difficult to factor out age as a separate variable among the host of other considerations. To do so would require extreme care in the selection of subjects, the design of the study, and controlling as many variables as possible.
In a manner similar to the kidney, the liver undergoes a number of changes with age that includes a reduction in blood flow (31) and mass (or volume) (32, 33) . Reduced blood flow might suggest a reduction in the clearance of those compounds with a high hepatic clearance (or high extraction ratio, nonrestrictively cleared). It is more difficult to interpret the changes in liver mass. Several studies have shown a direct correlation between liver mass and clearance of compounds with a low clearance and that undergo oxidative metabolism (antipyrine and phenytoin) (33, 34 Figure 6 . Antipyrine clearance as a function of age in 307 healthy male subjects reason for this is the fact that half-life is a parameter dependent on clearance and volume of distribution. Thus, a difference in the half-life between two populations could be the result of differences in distribution volume as easily as it could be differences in clearance. In fact, this has been observed for several compounds (e.g., thiopental and diazepam) (24, 35) . Therefore, clearance, which is not dependent upon distribution volume but is'a measure of the organ's ability to eliminate the compound, is the preferred parameter for measurement of metabolic efficiency and for comparing different populations. Because differences in plasma protein binding can affect the value of clearance, the ideal clearance parameter would be the one corrected for binding (i.e., unbound clearance). Unfortunately, the latter is seldom measured or reported in the literature.
The data illustrated in Figure 6 (36) indicate the challenge facing investigators who attempt to assess the relationship between age and hepatic metabolism. The most remarkable aspect of the data is the magnitude of the variation in antipyrine clearance at any given age. After reviewing the relationship between age and hepatic metabolism (37) , the only general conclusion that may be made is that hepatic metabolism of compounds undergoing phase I metabolism is either reduced or unaltered. There are virtually no examples of increased clearance with age. Furthermore, while not thoroughly studied, the general impression is that compounds undergoing phase II (conjugation) processes are not as affected by age. Further complicating this situation is the recent indication that there may be age-dependent differences in the enantiomeric metabolism of certain compounds. One example is the metabolism of the enantiomers of hexobarbital (38) . Elderly male subjects had a lower oral clearance for the 1-isomer in comparison to the value in younger adults, whereas there were no differences in the oral clearances of the d-isomer. This area has received little attention, but now there is great interest in studying the disposition of enantiomers because we now have the ability to separate enantiomers and perform quantitative analyses easily.
An additional issue that has not been thoroughly addressed is the possibility of age-related differences in metabolism as a function of gender. Another question that has not been examined rigorously is the relative enzymatic induction and inhibition ability as a function of age. Are the elderly more or less prone to enzymatic alteration than the younger adult?
